Abstract For the past decade, intra-individual variability in reaction times on computerized tasks has become a central focus of cognitive research on Attention-Deficit/Hyperactivity Disorder (ADHD). Numerous studies document increased reaction time variability among children and adults with ADHD, relative to typically developing controls. However, direct comparisons with other disorders with heightened reaction time variability are virtually nonexistent, despite their potential to inform our understanding of the phenomenon. A growing literature examines the sensitivity of reaction time variability to theoretically and clinically relevant manipulations. There is strong evidence that stimulus treatment reduces reaction time variability during a range of cognitive tasks, but the literature is mixed regarding the impact of motivational incentives and variation in stimulus event rate. Most studies of reaction time variability implicitly assume that heightened reaction time variability reflects occasional lapses in attention, and the dominant neurophysiological interpretation suggests this variability is linked to intrusions of task-negative brain network activity during task performance. Work examining the behavioral and neurophysiological correlates of reaction time variability provides some support for these hypotheses, but considerably more work is needed in this area. Finally, because conclusions from each of domains reviewed are limited by the wide range of measures used to measure reaction time variability, this review highlights the need for increased attention to the cognitive and motivational context in which variability is assessed and recommends that future work always supplement macro-level variability indices with metrics that isolate particular components of reaction time variability.
Introduction
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common childhood disorders [1] . Children with ADHD show cognitive impairments in attention, inhibitory control, and working memory compared with typically-developing children [2] [3] [4] but no specific cognitive impairment is universal across patients with ADHD. One of the more consistent findings in the ADHD neuropsychology literature is increased reaction time variability (RTV), also known as intra-individual variability, on computerized tasks [5] . Elevated RTV among individuals with ADHD compared with typically-developing children has been documented across multiple studies using a wide variety of computerized tasks, including those assessing working memory [6] [7] [8] , attention [9] , inhibitory control [8, [10] [11] [12] [13] , and choice discrimination [14] . These ADHD between-group differences on RTV tend to be larger in magnitude than most other neuropsychological indicators [15] . In addition, increased RTV has been documented in both pediatric [16, 17] and adult ADHD samples [18, 19] .
Although there is clear evidence that, compared to healthy controls, ADHD is characterized by greater intra-individual RTV during cognitive tasks, ADHD is not alone in this respect. Elevated RTV has been observed in individuals with high functioning autism [20] , schizophrenia [21] , bipolar disorder with psychotic symptoms [22] , traumatic brain injury [23] [24] [25] [26] , and early stage Alzheimer's dementia [27, 28] . One commonality among these various populations with increased RTV are problems with attention, although there seems to be considerable variability in the types of attentional difficulties across populations (e.g., selective [29, 30] , sustained [29] , and divided attention [31] , and combinations of these).
This consideration of nuances in attentional processes across diagnostic groups raises the question of what specific aspect of attention RTV reflects. In ADHD research, RTV in ADHD is typically interpreted (at least implicitly) as reflecting occasional lapses in attention (i.e., failures of sustained attention that are not severe enough to result in an error of omission) [10, 32, 33] . However, the precise psychological and neurophysiological meaning of RTV in ADHD is continually being debated. Hypotheses emphasizing several factors have been proposed: a temporal processing deficit [34] , a deficit in the ability to appropriately modulate very low-frequency fluctuations in neuronal activity [35] , inefficiency in the deployment of attention by executive control processes [36] , deficit of sustained attention [10, 32] , and difficulties with the regulation of energetic state [14, [37] [38] [39] . Importantly, these are not mutually exclusive hypotheses. Work that pits alternative hypotheses against 1 another and/or integrates multiple perspectives is an important area for future work on RTV in ADHD. Work that includes a clinical control group would be particularly informative.
This brief consideration of fine-grained models of attention in psychopathology and hypotheses as to the meaning of RTV in ADHD raises the question of whether RTV itself reflects a single construct or process. The vast majority of studies documenting increased RTV in ADHD have used a reaction time standard deviation (RTSD), which is often used because it is easy to compute. Unfortunately, RTSD almost always correlates quite highly (e.g., r00.90; [17] ) with the mean reaction time [18, 40, 41 ] that 1 cannot distinguish speed and variability limiting the clarity of the psychological or neurophysiological interpretation. For this reason, some advocate using the coefficient of variation (CV), with CV 0 RTSD/mean reaction time) [40] . However, both RTSD and CV face a second obstacle. They are too molar to provide information regarding specific aspects of the RTV construct, particularly the asymmetrical positive skew that occasional lapses in attention, which would be expected to produce.
For the past decade, the field has slowly begun to move toward more sophisticated metrics of RTV, and that effort has brought new insights. In a seminal study, Leth-Steensen et al.
[32] used ex-Gaussian modeling to generate separate measures of the mean (mu) and standard deviation (sigma) of the normal (Gaussian) component of the RT distribution and a measure of variability for the exponential component of the RT distribution (tau). Research using ex-Gaussian parameters has shown that ADHD-related RTV is largely the result of an elevation in tau [10, 13, 32] . Higher tau values are produced by RT distributions with a larger rightward skew or tail, consistent with a lapse of attention framework. Alternative metrics that do not require that ex-Gaussian assumptions have also been developed (for more detail, see Sabol et al. [42] and Spencer et al. [43] ), and further work in this area will be critical for developing a consensus of RTV estimation. It should also be noted that 1 study, using ex-Gaussian parameters, reported significant differences, albeit with a small effect size (0.08) between ADHD and control groups in the fast portion of the RT distribution, which was interpreted as reflecting different causal mechanisms for the potentially multidimensional construct of RTV [44] .
In addition to RT distribution models, there is good reason to consider the periodicity of long RTs in the frequency domain [9, 13, 35] . Such analysis may help bridge our understanding of the neurophysiological correlates of RTV in ADHD. In particular, the temporal patterns of long RTs may provide us with a better understanding of long RT manifestation. For example, an oscillating pattern of long RTs that manifest periodically at 20 seconds, as reported by Castellanos et al. [35] , might indicate the length of attention before attention lapses. Such temporal patterns would be useful in the continued search for the underlying pathophysiology of ADHDrelated attentional deficits (e.g., neuroenergetics; for more detail, see Russell et al. [45] ). Unfortunately, there have been very few studies that have examined the periodicity of long RTs, and results from these studies have been mixed in regard to the frequency at which long RTs occur [9, 13, 35, 46] .
Although the ideal metrics of RTV are not yet clear, it is becoming increasingly clear that relying solely on RTSD or CV is not advisable. However, because the vast majority of previous studies have done this, we include those studies in the remainder of the review, but wherever possible we emphasize studies that included more precise indicators.
Behavioral Correlates
The relationship between RTV and ADHD symptoms, as well as whether there are differences between the ADHD subtypes (typically ADHD-Combined Type vs ADHD-Inattentive Type) on RTV parameters, has been the subject of numerous studies. Determining whether there are indeed associations between RTV and specific ADHD-related behavior is important, especially because RTV has been purported to indicate mostly attention-related behavioral and cognitive states in the literature (e.g., attentional lapses, sustained attention). Regarding the differences between ADHD subtypes on RTV in the research conducted to date, there are few, if any, differences in RTV across the ADHD subtypes [13, [47] [48] [49] [50] [51] . Only a few exceptions exist, with some reporting greater RTV among children with ADHD-Combined Type compared with ADHD-Inattentive Type on certain tasks [41] . Where relations between RTV and the ADHD symptom domains have been examined, RTV has correlated with measures of behavioral inattention [48, 52, 53] but has also been found to correlate with hyperactivityimpulsivity in a minority of studies (for more detail, see Gomez-Guerrero et al. [54] ). In a study examining whether RTV was specifically correlated with individual ADHD symptoms (e.g., short attention span), significant relations were observed between RTV and all 18 ADHD symptoms, suggesting no specificity between RTVand specific ADHD behaviors [55] . Research examining relations between RTV and the ADHD symptom domains or ADHD subtypes has not been convincingly associated with either ADHD symptom domain or any specific ADHD symptoms, although relations between RTV and inattention seem to be more consistent in the literature [48, 52, 53] .
Finally, because it appears that RTV is the result of intermittent long RTs, examining behaviors that occur concomitantly or proximally with long RTs might give us some insight into behavioral correlates of RTV. Epstein et al. [33] conducted a study examining whether instances of long RT could be predicted by task events. Children with ADHD demonstrated pronounced slowing (i.e., long RTs) on the trial before an omission error, as well as slowing, although not nearly as pronounced, on trials following an omission error. Thus, long RTs seem to be part of a similar cognitive process that surrounds omission errors. Omission errors occur when a patient does not respond to a target stimulus and has been linked to attentional lapses [56] , thus suggesting that long RTs, the primary cause of RTV, are due to inattention. Consistent with this interpretation, Spencer et al. [43] observed that the effect of acute methylphenidate on RTV in a simple choice discrimination task was moderately correlated with the effect of the same medication in being able to reduce omissions on a separate continuous performance task.
Research that would be helpful in investigating behavioral correlates of RTV are studies that examine actual behavior (e.g., visual gaze) during actual instances of long RTs or which relate patterns of observed behavioral attention to RTV (for more detail, see Rapport et al. [57] ). For example, during instances of long RTs, are patients disengaged or distracted from the task at hand? Furthermore, rather than examining the 2 ADHD symptom domains, it would be interesting to examine whether sluggish cognitive tempo (SCT) accounts for significant variance in predicting RTV, because some of the core characteristics of SCT (e.g., slow movement, daydreamy) seem related to RT and RTV.
Neurophysiological Correlates of RTV

RTV-Related Neuroimaging Findings Using Typically Developing Controls
Morphometric neuroimaging studies have examined volumetric correlates of RTV. Among typically developing controls, an association between RTV and reduced white matter volume [58] has been reported. Moreover, several studies have also demonstrated that adults with lesions to the frontal lobes tend to have higher RTV than controls and adults with lesions to other brain areas [59, 60] . Finally, RTV has been associated with a higher proportion of white matter hyperintensities (i.e., small regions of high intensity observed on magnetic resonance imaging) across the frontal regions [61] . These structural studies clearly implicate a frontal lobe pathophysiology for RTV.
In regard to associations with functional activation, studies have examined correlations between RTV during cognitive performance and brain activation, as measured by functional magnetic resonance imaging (fMRI) [36, 62] . A consistent trend has emerged whereby higher RTV correlates with higher levels of frontal activation during tasks [36, 62, 63] , specifically, in the middle frontal regions [36] , the medial frontal cortex, frontal operculum, lateral and anterior prefrontal cortex [63] , and rostral supplementary motor area [62] . It is interesting that individuals with lower RTV tend to display increased activation in motor areas [62] , suggesting that reliance on more efficient networks, such as premotor circuitry rather than higher order cognitive networks, reduces RTV. Such correlational studies suggest an overall pattern of higher frontal lobe activation, particularly the rostral supplementary motor area, but do not specifically link instances of long RTs to increased frontal lobe activity. However, using an eventrelated design, Weissman et al. [64] did examine brain activation around long RTs and found that instances of intermittent long RTs were associated with decreased activity in the frontal cortex prior to stimulus presentation. It is not clear why correlational studies find increased frontal lobe activity correlated with RTV, whereas this event-related study found decreased frontal lobe activity during instances of long RT.
Another intriguing RTV-related functional imaging finding is increased activity in the posterior cingulate, precuneus, and middle temporal gyrus at the time of stimulus presentation during long RT trials [64] . These regions are part of the putative default mode network (DMN), a network of regions activated during rest. The DMN is considered a task negative network because it must be suppressed concomitant with activation in the task positive network (i.e., the neural network required to perform the cognitive task at hand). Brain activation in the DMN is negatively correlated with activation in task positive regions [65] [66] [67] and positively correlated with RT fluctuations [68] . Although this literature is still developing, preliminary findings suggest that the inability to sufficiently suppress the DMN leads to inconsistent performance (i.e., increased RTV).
To date, neuroimaging research has linked RTV to both abnormalities in frontal lobe volumes and brain activation, as well as what appears to be insufficient suppression of the DMN. Poor signal-to-noise ratios in neural transmission may explain RTV. Signal-to-noise ratios are affected by an inability to consistently suppress the DMN, which interferes with task positive activation if it remains activated during cognitive performance, [69] . To overcome an active DMN, individuals must allocate more effort to the task positive network, which in the case of executive functioning and/or attentional tasks, involves frontal regions. We therefore observe a correlation between increased activation in these frontal regions and increased RTV.
This signal-to-noise explanation converges with the actual RT patterns we observe in individuals with ADHD. That is, the majority of RTs for both ADHD and non-ADHD populations tend to be within the normal range. However, intermittently dispersed in the RT stream are instances of periodic long RTs. Using a signal-to-noise explanation, these periodic long RT instances may be brief periods of time when signal-to-noise ratios in the brain do not favor task positive networks. That is, either because task-negative networks are temporarily unable to be suppressed or because task-positive networks lose intensity, the signal-to-noise ratio decreases, and the behavioral manifestation of this loss in signal/increase in noise is a long RT.
ADHD Neuroimaging Literature
Because patients with ADHD consistently demonstrate higher levels of RTV than controls, predictions can be made regarding ADHD-related neurophysiological patterns. Specifically, we expect to see indications of neural inefficiencies among individuals with ADHD (i.e., lower signal-to-noise ratios). Such lower signal-to-noise ratios could be related to a lower intensity task-positive network (i.e., low signal) and/or a higher intensity DMN (i.e., high noise).
Regarding DMN, resting-state fMRI provides a measure of task-negative or DMN brain activity. In general, individuals with ADHD display significantly higher resting state activation [70, 71] and reduced DMN homogeneity [72] [73] [74] [75] [76] . Children with ADHD have also been shown to be less able to deactivate the DMN than controls, and this inability to deactivate the DMN has been directly related to RTV [77] . The task-negative network among individuals with ADHD is of higher intensity and likely dysfunctional in terms of connectivity. Hence, those with ADHD require additional cognitive effort to suppress the higher intensity, less coordinated DMN activity than those without ADHD.
In terms of task-positive activation among individuals with ADHD, there is a large and expanding ADHD functional imaging literature [78] [79] [80] [81] . Although behavioral paradigms vary widely across studies, the vast majority of studies have demonstrated decreased activation during cognitive performance among patients with ADHD compared with controls, especially in the frontal lobes [81] . Also, 1 correlational fMRI study found that higher RTV was associated with decreased activation of the prefrontal cortex in those with ADHD [82] . This trend for decreased frontal task-positive activation is antithetical to what has been found in the RTV neuroscience literature, which was a positive relationship between frontal activation and RTV. One explanation for this set of results is that individuals with ADHD possess dual deficits such that not only do individuals with ADHD have more active tasknegative activation at rest, but they also have less task-positive activation during cognitive performance. As a result, tasknegative activation overcomes task-positive activation more frequently, which leads to intermittent long RTs and thus higher levels of RTV.
Reaction Time Variability Manipulations
In an effort to better understand increased RTVamong patients with ADHD, investigators have varied task parameters to examine what the conditions were that the patients with ADHD evidenced increased RTV. For example, the event rate (ER) or speed at which stimuli appear on the screen has been varied within tasks. Generally, RTV decreases during faster ERs for all children [41, 83, 84] . Most studies report that ADHD-related increases in RTV disappear are attenuated, and often disappear, during faster ERs [39, 83, 85, 86] . Alternatively, long ERs, relative to what is optimal for the task, appear to exacerbate ADHD-related between-group differences [14, 85] . One explanation for this pattern of effects is provided by the state regulation dysfunction model, which suggests that short ERs may increase activation states, whereas long ERs may lead to underactivation (for more detail, see van der Meere et al. [86] and Sergeant [83] ). Hence, quickening the pace of the task creates a raised energetic state among children with ADHD, thereby normalizing RTV. This set of results is corroborated by studies that have found that varying the ER on a trial-by-trial basis also seems to reduce ADHD-related increases in RTV [87, 88] . Similar to the argument that speeding the ER increases the energetic state, a variable ER is believed to create a higher state of vigilance, thereby keeping individuals, including those individuals with ADHD "on their toes" while performing the task [89] . Although an explanation using the state regulation dysfunction model is appealing, it is also possible that these effects of ER on RTV effects in ADHD can be explained methodologically (e.g., fast ERs limit RTs [15] ) or using other models (e.g., delay aversion [85] ).
Researchers have also examined the effects of task contingencies on RTV with mixed results. Some studies have found that ADHD-related increases in RTV are attenuated when rewards for performance are provided [12, 14, [90] [91] [92] , whereas others have not found this effect of reward [49, 93] . Two studies in the literature have suggested that combining fast ER and reward can synergistically improve RTV [14, 91] . Still another study suggests the effects of reward may be taskspecific because reward improved performance only on tasks require inhibition [41] .
ERs and rewards are both task manipulations that target the energetic and motivational states of the individuals. Although it is well-documented that speeding the ERs attenuates ADHD-related RTV differences, research on the effects of the reward is quite mixed, possibly because the effects of incentives are not robust or because the magnitude, saliency, or targets of incentives applied has varied considerably across studies. Future studies examining the effects of the reward should pay particular attention to conditions of the reward and should attempt to provide immediate, as opposed to delayed, reinforcement [94] . In addition, it would be informative to tie incentives to the patient's performance on RTV (e.g., maintaining RTs within a specific RT range) rather than accuracy or RT speed. Indeed, preliminary evidence suggests that the strong, immediate rewards for task performance that improve spatial working memory to the same extent as stimulant medication [95] are similarly effective in reinforcing fast, consistent responses in children with ADHD [96] .
Effects of Stimulant Medication on RTV in ADHD
The effects of stimulant medication (i.e., the most common and effective treatment for ADHD) on RTV has also been examined in multiple studies. In general, ADHD-related increases in RTV are attenuated, and may even normalize, with stimulant medication [35, 41, 43, [97] [98] [99] [100] [101] [102] . In a recent investigation of medication effects on RTV, which included a range of cognitive tasks, Epstein et al. [41] found that stimulant medication reduced RTVon a range of cognitive tasks. In addition, results showed the effects of medication were of the largest magnitude and most consistent for RTV indicators, especially ex-Gaussian tau, compared to other performance indicators, such as RT speed and task accuracy. These results suggest that medication specifically reduces intermittent long RTs, which is consistent with other studies showing that medication reduces tau [100] and reduces the peak and skew of RT distributions [43] . Also, most studies using fast Fourier transform (FFT) analyses have demonstrated that stimulant medication attenuated [35] or normalized [103] long RT oscillations in individuals with ADHD compared with controls, although 1 study failed to replicate this effect [104] .
In summary, findings from traditional measurements of RTV, as well as those using ex-Gaussian and FFT techniques, show that stimulant medication attenuates between group RTV differences. There is also converging evidence that medication has a more robust effect on RTV compared to other cognitive indicators. Medication effects on ex-Gaussian tau and FFT indicators suggest that medication specifically reduces positive distributional skew likely by decreasing the number, frequency, and/or magnitude of intermittent long RTs. A direction for future research is to examine and compare whether other evidence-based ADHD pharmacological interventions (e.g., atomoxetine, guanfacine) demonstrate a similar pattern of effects on RTV outcomes. Such research has the potential to illustrate possible differential mechanisms of action across ADHD medicines.
Summary and Future Directions
RTV is, at the group level, clearly greater among children with ADHD than among typically developing controls. Although RTV is characteristic of ADHD, it also appears to be characteristic of other populations, including autism spectrum disorders, schizophrenia, and traumatic brain injury, and has been commonly observed in the aging [105, 106] and dementia [27, 28] populations. Although we conclude that RTV is not necessarily unique to ADHD, future studies examining similarities and differences in patterns of RTVacross populations need to retreat from using RTSD, which is potentially confounded by being a measure of central tendency, and use more in-depth and specific methods to characterize RTV. Ex-Gaussian analyses and FFT are 2 such approaches, but fractal analyses [107] or diffusion model approaches [108, 109] may also be useful. It is likely that although increased RTV is present across populations, the characteristics of RTV across populations is likely different. For example, in a study using ex-Gaussian indicators, McAuley et al. [110] demonstrated that older adults differed from young adults on both ex-Gaussian variance indicators, sigma, and tau, suggesting that RTV in older adults is due to both variable responding (sigma) and extreme responding (tau), as opposed to patients with ADHD for whom RTV is composed primarily of extreme responses, tau.
It remains to be seen whether RTV is a cause or a consequence of psychological or physiological processes. At the cognitive level, RTV likely reflects impairments in information processing and, more specifically, a dysfunction related with a failure to maintain attentional control [36] . Neurophysiological data suggest that the neurological basis for RTV is related to frontal lobe dysfunction, and RTV might be a sensitive marker for the efficiency of top-down attention control. Although there is some promising data regarding the neurophysiological basis for RTV in typically developing populations, there are many fewer neuroimaging studies specifically investigating the phenomenon of RTV in ADHD. Thus, additional studies investigating morphometry, structural and functional connectivity, and functional activation patterns in relation to RTV would be helpful. Studies using physiological measures, such as electroencephalograms, electrocardiograms, or electro-oculographic recordings, in conjunction with measuring RTV could also be useful in elucidating the construct it reflects.
It will also be critical to conduct studies that document the relationship between RTV and cognitive and behavioral characteristics that it is hypothesized to reflect in attempting to define what RTV is in relation to ADHD. For example, it would also be helpful to investigate relations between observable behavior and RTV, especially if the 2 could be measured simultaneously, thereby allowing linkages between actual behavior during instances of long RTs, which appears to be the primary cause of RTV for patients with ADHD.
Although there is still a very small literature in regard to treatment effects, the results of several studies are consistent in suggesting that stimulant medication reduces RTV, including narrow-band measures of RTV (i.e., ex-Gaussian tau), which focus on the skew of the RT distribution. Expanding this demonstration of medication effects on RTV to other evidence-based medications would help in understanding the mechanism by which different medications exert their effect in patients with ADHD. The findings for incentive manipulations, an analogue of behavioral treatment, suggest modest impact on RTV in ADHD; however, preliminary evidence suggests that stronger and more immediate incentives may have effects on RTV that are comparable to that of stimulant medication. Finally, there is a burgeoning literature on cognitive training in ADHD [111, 112] , and it is possible that cognitive training can also target RTV [113] . Reducing RTV in the laboratory will be an exciting area of study for the next wave of research on variability in ADHD. It will be incumbent on those studies to also document that reductions in RTV on laboratory tasks are also associated with clinical improvement.
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